A new way to combine two different polymerisation reactions, using a single catalyst, results in efficient block polymer synthesis. The selective polymerisation of mixtures of L-lactide-O-carboxyanhydride and cyclohexene oxide, using a di-zinc catalyst in a one-pot procedure, allows the preparation of poly(L-lactide-b-cyclohexene carbonate).
Waste not, want not: CO 2 and cyclohexene oxide, using a di-zinc catalyst in a one-pot procedure, allows the preparation of poly(L-lactide-b-cyclohexene carbonate).
The catalysis near quantitatively recycles the carbon dioxide released during polyester formation into the subsequent polycarbonate block,
with an atom economy of up to of 91%.
Aliphatic polycarbonates (PC) and polyesters (PE) are attracting attention as sustainable alternatives to petrochemicals. [1] [2] [3] Many are biodegradable, recyclable and biocompatible and some are sourced from renewable resources. [4] [5] [6] Here, block polymers comprising polylactide (PLA) and poly(cyclohexene carbonate) (PCHC) are targeted as they allow combination of two of the most widely studied materials in each class. 2, 6, 7 PLA is a commercially produced bio-derived plastic, which is sourced from biomass and at end of life can be recycled or biodegraded. 4 It serves as a replacement for petroleum derived plastics in sectors including packaging, house-hold goods, automotive and biomedicine. 4, 5 One limitation is its poor temperature stability, for example it has a moderate glass transition temperature (T g ) (B60 1C), which prevents applications at higher temperatures. 8 PCHC is a widely investigated amorphous polymer produced by CO 2 /cyclohexene oxide copolymerisation and, because of its rigid carbonate and ring structures, shows a higher T g value (110-120 1C). 6 Here, a new catalysis concept is explored as a means to deliver block polymers which in future may result in improved polymer thermal and mechanical properties. In this vein, several groups have already demonstrated the enhanced performances for PLA-b-PCHC but almost all these block polymers were prepared by sequential addition methods or by tandem catalysis. [9] [10] [11] [12] [13] [14] These prior studies have nicely demonstrated the enhanced properties of such block polymers and we were motivated to investigate an alternative preparation which couples together two different polymerisation cycles (Scheme 1). Our one-pot synthetic strategy targets PLA synthesis using the controlled ring opening polymerisation (ROP) of O-carboxyanhydride (LLA-OCA). The ROP is driven by reducing the ring-strain and results in the release of a molecule of CO 2 per polymer repeat unit. 15, 16 We reasoned that it might be possible to recycle the carbon dioxide using controlled epoxide/CO 2 ring opening copolymerisation (ROCOP) to produce PCHC. ROCOP is thermodynamically driven by epoxide ring-strain and several catalysts are reported showing rapid CO 2 insertion rates. 6, 7, 17 Indeed, some of us have already reported high activity dinuclear ROCOP catalysts which are effective at low pressures (1 bar) of CO 2 . [18] [19] [20] [21] Here, a di-zinc catalyst is targeted that is straightforward to prepare and which shows a zeroth order in CO 2 pressure over the range 1-40 bar. 22, 23 In pioneering earlier work, Thomas and co-workers demonstrated that N-carboxyanhydride ROP could be used to produce polypeptides and the released CO 2 was subsequently used to make cyclic carbonates via tandem catalysis. 24 Table S1 , ESI †). Having established the success of the di-zinc catalyst for OCA ROP, its potential to recycle the liberated CO 2 was tested using an equimolar mixture of THF and CHO (Table 1) . A reaction at relative molar loadings of 1 : 500 : 500 ([Zn] : CHO : LLAOCA) was stopped after 16 h and showed complete OCA consumption. Both the LLAOCA conversion and the molar mass of the PLLA were similar to the reaction conducted in neat THF, confirming that the epoxide did not interfere with the OCA ring-opening polymerisation. Nonetheless, there was no evidence for any polycarbonate formation and we reasoned this was likely due to the low overall epoxide concentration. For this di-zinc catalyst, the epoxide/CO 2 rate law is first-order in epoxide concentration and thus rates should increase at higher epoxide concentrations. 22, 23 All subsequent experiments were conducted using the same catalyst:monomer loadings but in neat epoxide. In order to systematically study the reaction, a series of experiments were conducted at different reaction times (Table 1) . Initially, the reaction proceeds only with OCA ROP as is clear from the reaction stopped after B10 min which showed 23% conversion to PLLA but no resonances for PCHC or any other by-product (e.g. cyclic carbonate). After an hour, the complete OCA conversion to PLLA had occurred and there was B8% conversion to PCHC as apparent from a growing resonance at 4.65 ppm in the 1 H NMR spectrum. Reactions were quenched from 1-48 h and showed progressively increased conversion to PCHC, with the final reaction delivering B91% CO 2 conversion ( Table 1 ). The reaction analysis indicated that there was a high catalytic selectivity, with OCA ROP occurring prior to CO 2 /epoxide ROCOP.
To establish that block polymers rather than mixtures of polymers formed, the polymer products were analysed by GPC. The reactions showed progressively increasing molar mass with conversion to PCHC and of the final polymer sample showed a molar mass 13 500 g mol (Fig. S7, ESI †) . The block polymer structure was further indicated by HMBC NMR spectroscopy which confirmed junction unit assignments and was consistent with previous reports of PLLA-b-PCHC copolymer prepared by sequential addition routes (Fig. S8, ESI †) . 9, 10 The DOSY NMR spectrum showed a single diffusion coefficient for all resonances, as expected for a block polymer, whereas a physical mixture of the two constituent polymers (PLA + PCHC) shows two different diffusion coefficients ( Fig. S9 and S10, ESI †). Overall the analyses indicate sequential catalysis to deliver a block polymer. To improve understanding and allow for preliminary kinetic analysis, reactions were repeated using both in situ H NMR spectra were acquired at regular intervals over 53 h. Monomer conversions were determined by analysing the normalized integrals of selected signals (Fig. S11 and S12 , ESI †). The monomer conversion vs. time plot shows clearly that OCA ROP occurs fastest and is complete in around 3.5 h (Fig. 1) . At this stage of the reaction there is no evidence for any formation of PCHC or cyclic carbonate. Furthermore, the linear fit to the experimental data indicates a zero order in OCA concentration (k obs = 1.08 Â 10 À4 s À1 ) (Fig. S11 , ESI †). 25 After the OCA has been completely consumed, there is a steady increase in the concentration of polycarbonate and low quantities (o3%) of trans-cyclohexene carbonate (CHC) by-product. The formation of trans-CHC occurs by back-biting of the growing polymer chain, 26, 27 and, in this case, becomes more prominent at the later reaction stages. This increasing by-product formation is attributed to progressive depletion of CO 2 resulting in the catalytic cycle resting state changing to the metal-alkoxide intermediate (which is the precursor to trans-CHC) (Fig. S12, ESI †) . It should be emphasised that overall the reaction is highly selective, yielding up to 91% conversion of the CO 2 into the block polymer and only 9% into the cyclic carbonate. One limitation of NMR spectroscopy for monitoring polymerisation rates could be that the system is not stirred and this raises concerns that the block selectivity might arise from CO 2 diffusion limitations. To test the relevance of this factor, the reaction was also monitored using in situ ATR-IR spectroscopy using a Schlenk tube equipped with an ATR-IR probe and with magnetic stirring. Changes in intensity of characteristic IR absorptions were monitored including for CO 2 (2340 cm À1 ), LLAOCA (1184 cm À1 ), PLLA (1191 cm À1 ) and PCHC (1237 cm À1 ) ( Fig. 2 and ESI † for details). Initially, the LLAOCA resonance showed a decrease in intensity and there were concomitant increases in the resonances assigned to PLLA and CO 2 . Over this time period, there was no intensity for the resonance attributed to PCHC, substantiating the selectivity observed by NMR spectroscopy. Only after the complete consumption of the LLAOCA resonance were signals observed for PCHC. Both findings are fully consistent with the in situ 1 H NMR studies and suggest that the selectivity is independent of CO 2 diffusion since rates are broadly the same with or without stirring. In terms of reaction pathway, the process is proposed to operate via two distinct catalytic cycles which are bridged by a common zinc-alkoxide intermediate (Scheme 1). MALDI-ToF mass spectrometry analysis of the PLLA homopolymer shows chains that are end-capped with a cyclohexyl acetate end group (Fig. S13 and S14 the LLAOCA is proposed to proceed by elimination of a CO 2 molecule and re-generation of a zinc alkoxide with each monomer insertion ( Fig. S15 and S16 , ESI †). At this stage it is unclear precisely why the high selectivity for block polymer formation arises. It could be that a minimum pressure (concentration) of CO 2 is required to allow the ROCOP process to occur, a notion which is consistent with previous studies that at pressures below 1 bar CO 2 the ROCOP reaction shuts down. 28, 29 On the other hand, it could be that the L-LA zinc-alkoxide intermediate is stabilised towards CO 2 insertion by formation of a fivemembered chelate, a finding in line with other ROP catalysts. 30 It is clear that the CHO/CO 2 ROCOP does not occur until after the complete consumption of the LLAOCA. It is also apparent that nearly all the released CO 2 can be recycled to yield the PLLA-b-PCHC block polymer. Differential Scanning Calorimetry (DSC) was used to determine the thermal properties of PLLA-b-PCHC polymers (Table S3 and Fig. S17 , ESI †). All materials showed higher glass transition temperatures (T g ) (61-78 1C) than PLLA and values which correlate with the wt% of PCHC in the polymer. Switchable catalysis using vinyl-CHO and LLAOCA yielded a related block polymer: PLA-b-PVCHC as did the reaction between L-phenyl lactic acid O-carboxyanhydride (LPheLAOCA) and CHO (Table S2 and Fig. S18-S30 , ESI †). These polymerisations indicate that the selective catalysis may be more generally applicable and could deliver other block polyester-carbonates in future.
In summary, a new catalytic process starting from mixtures of OCA and epoxide selectively produced poly(L-lactide-b-cyclohexene carbonate). The CO 2 liberated in one polymerisation reaction (OCA ROP) is efficiently recycled into the second polycarbonate block. The catalysis is highly selective and permits near quantitative consumption of carbon dioxide and yields block polymer with a maximum atom economy of 91%. Although at an early stage, the process appears promising both from the point of view of CO 2 utilisation and as means to modify properties of oxygenated polymers. Further research to investigate the detailed polymerisation mechanism, to expand the range of catalysts and to apply it to other monomers is recommended.
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